This paper presents the thermodynamic properties of micellization of sodium dodecyl Sulfate (SDS) in aqueous solutions of glycine, alanine, valine and leucine at 293.15, 298.15, 303.15, 308.15 and 313.15 K over a wide range of these amino acid concentrations. The critical micelle concentration data were found to pass through a broad minimum at 303.15 K, which tends to become sharp with the increase in the size of the hydrophobic group of the amino acid. This behavior was found to be similar to that of the temperature dependence of solubility of the nonpolar substances in water. Temperature dependence of critical micelle concentration, however are used to estimate the standard thermodynamic parameters of micellization ( H . The analysis of these parameters as a function of temperature allowed us to understand the qualitative molecular mechanism of SDS -amino acid interactions. The data were found to be in qualitative accordance with the size of the hydrophobic group of the amino acids, suggesting the existence of intermolecular hydrophobic interactions between SDS and amino acid. Application of Lumry -Rajender enthalpy -entropy compensation model to the present thermodynamic parameters produced compensation temperature T c , lying in the range 270-300 K, and characteristic of solvent induced driving force.
INTRODUCTION
Surfactant -amino acid systems have evoked an enormous fundamental and applied research interest in the recent past. [1] [2] [3] [4] [5] The interpretations of the studies on such systems have been directed toward obtaining information about the nature of interactions between surfactant and amino acid. Amino acids are important organic molecules of special class which exist in solution preponderantly as zwitter ion of extremely large electrical moment. But, these molecules differ in the characteristics of the hydrophobic and hydrophilic groups attached to the -carbon. All these features of amino acid molecules are expected to be of great relevance in the matter of their interactions with ionic surfactant, particularly in relation to their effects on micellization of surfactant molecules which is largely responsible for the characteristic behavior of such type of systems. More specifically, in an event specific to aqueous solutions, the subtle combination of intermolecular hydrophobic and hydrophilic interactions * Authors to whom correspondence should be addressed. between surfactant and amino acid molecules are considered to affect the cooperative self -aggregation of surfactant molecules leading to the formation of surfactant -amino acid molecular complexes. Such binding is closely analogous to micellarsolubilization, a phenomenon of potential practical implications in detergency, 6 pharmaceutical formulations, 7 drug delivery 8 9 and solubilization of drugs, [10] [11] [12] [13] [14] [15] besides being used to solubilize the otherwise insoluble or partly soluble substances in water. 7 Yet another significant feature of surfactant aggregation, which has biological implications, is that the cooperative binding of surfactant molecules to most water soluble proteins leads to the formation of a protein -surfactant complex that assumes structure similar to that of biological membrane and, therefore, can be used as model to envisage the underlying molecular details of the complex biological membranes in their native environment. [15] [16] [17] Owing to the diversity in amino acid structures and unique electrolytic character of ionic surfactant, the consequences of intermolecular interactions between these two components are especially intriguing. In the present work we explore the interactions of sodium dodecyl sulfate (SDS), one of the few anionic surfactants studied extensively, with following amino acids: glycine, alanine, valin and leucine. It is significant that these amino acids bear the same charged end groups (-NH + 3 , -COO − ), but differ from each other in size of the hydrophobic group, which makes SDS -amino acid systems interesting to study primarily from the view point of hydrophobic interactions. Our interest in this work is, therefore, focused on to rationalize the contribution of the hydrophobicity of these amino acids in their binding process with SDS; moreover the present work has been carried out in neutral pH (6.75-7) and in this pH range it is quite likely that the zwitterionic contribution is virtually identical in respect of these amino acids. This has been attempted by undertaking a systematic study on micellization behavior of SDS in the aqueous solutions of these amino acids over a suitable range of temperatures and amino acid concentrations, because this formalism is expected to have the advantage of being able to account for the sensitivity of such intermolecular interactions in deriving association between SDS and amino acid in aqueous solutions, though, some limited fragmentary nature of studies have been reported on such systems in literature. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] 2. EXPERIMENTAL DETAILS 2.1. Materials 2.1.1. Water Water, being the main solvent in the present study and also required for the calibration of the conductivity meter and pH meter, was purified as follows. About 1000 ml of deionized water was collected from a Millipore -Elix system and distilled further slowly on acidified (H 2 SO 4 ) KMnO 4 . Purified sample of water of conductivity, ∼ 1 × 10 −7 S cm −1 was collected for use.
Sodium Dodecyl Sulfate
Analytical reagent grade SDS was obtained from s d fine -chem. Ltd. However, a pure sample of SDS was obtained as described in literature. 19 50 g of SDS was dissolved in about 500 ml AR grade ethanol and the solution was filtered to remove the suspending impurities. After filtration, the solution was gently heated on water bath till the volume of the solution was reduced to 1 / 4 th of its original volume. The solution was left to cool down to room temperature for about. Soon after getting the white colored crystals of SDS appearing, the solution was decanted and the sample was recrystallyzed at least twice from ethanol and finally dried under vacuum in the presence of P 2 O 5 at about 50-60 C for 24 hr in the vacuum oven.
Amino Acids
Analytical reagent grade Glycine (Gly), Alanine (Ala), Valine (Val) and Leucine (Leu) were obtained from Merck and were dried over night in vacuum oven in the presence of P 2 O 5 before use.
Apparatus and Procedure

Electrical Solution Conductivity Measurements
Conductivity measurements were carried out at 293.15, 298.15, 303.15, 308.15 and 313.15 K with a calibrated digital conductivity meter (CM 180 Elico Ltd.) using a dip type conductivity cell. The solution under investigation was taken in the jacketed measuring cell. The temperature of the cell was maintained precise to ±0.05 K by circulating thermostated water from the calibrated automatic digital temperature controlled high precision water thermostat supplied by NSW -New Delhi using a high powered digital water circulator supplied by Riviera Pvt. Ltd. Mumbai. The sample was gently stirred with magnetic stirrer and was allowed to attain the temperature of the bath prior to the measurements. The reproducibility of the individual point was within ±2% of conductivity unit.
Critical Micelle Concentration (CMC)
Measurement Stock solutions of SDS of molar concentrations ranging from 1 to 27 mM were prepared by the addition of small aliquots of concentrated stock solution of SDS using a 100 L capacity eppendorf micropipette to 15 mL of 0.001, 0.01, 0.05, 0.1, 0.5, 0.075 and 1 M aqueous solutions of Gly and Ala prepared as solvent systems; however, the concentration of Val and Leu was restricted to 0.001, 0.01, 0.05 and 0.1 M for the reason that these two amino acids were found not soluble in water above 0.1 M concentration. The conductivities of SDS in aqueous solutions of amino acids were determined at different temperatures ranging from 293.15 to 313.15 K. A break in the plot was observed when the conductivity data were plotted against molar concentration of SDS. Concentration corresponding to the break point was identified as the CMC value of SDS. However, the CMC values were determined from these plots by the usual onductivity procedure. [20] [21] [22] The CMC value of SDS, ∼8 mM in pure water at 298.15 K was found to be in good agreement with the literature value, 20 which confirmed the accuracy of the present measurements. However, the CMC values in molar concentration unit were converted into mole fraction unit (X CMC ) for executing the thermodynamic interpretation of SDS -amino acid -water system at different temperatures.
RESULTS AND DISCUSSION
Temperature Dependence of X CMC
X CMC values of SDS in aqueous solutions of Gly, Ala, Val and Leu at different temperatures and concentrations of amino acids have been summarized in Table I . The temperature dependence of X CMC in aqueous solutions amino acids has been depicted in Figure 1 . As shown in Figure 1 , X CMC value passes through a broad minimum at around 303.15 K. This behavior, however, does not parallel to that observed in pure water. 20 It is interesting to note further that the observed minimum tends to become sharp with the increase in the size of the hydrophobic group of these amino acids, i.e., it increases in the order: Leu > Val > Ala > Gly; perhaps most important, this behavior is found to be similar to that of the temperature dependence of solubility of the non-polar substances in water. 23 Furthermore, the general appearance of the curves is preserved over the entire range of temperature and concentration of amino acids studied. This observation is in good agreement with the results of comprehensive spectroscopic studies, the effect of hydrophobicity of amino acids on the structure of water, 24 as well as the volumetric investigations of aqueous solutions of amino acids, 1 25-27 which indicate that the size of water clathrate around hydrophobic side chains increases in the order completely consistent with the size of the hydrophopbic group, Leu > Val > Ala > Gly.
These observations indicate convincingly that the hydrophobic effect of the amino acid is predominant to the observed magnitude of X CMC in aqueous solutions of amino acids, i.e., Leu > Val > Ala ≥ Gly. It is not unlikely, therefore, that the molecular association between amino acid and SDS is largely due to clathrate -like interaction, as suggested by Yang and Saito. 28 These marginally stable clathrate -type structures, however, tend to collapse as the temperature is increased and lead to the formation of a cooperatively aggregated surfactant -amino acid molecular complexes. Therefore, it seems reasonable to suggest that hydrophobic character of the side chain of the amino acid is much more specific in its interaction with SDS at around 303.15 K. In other words, it is plausible to expect extensive intermolecular hydrophobic interactions occurring between SDS and amino acid molecules at 303.15 K. Thus, quite probably the increase in X CMC value above 303.15 K reflects the weakening of hydrophobic association not only between SDS and amino acid molecules, but also between SDS molecules. More specifically, it is likely that the hydrophobic part of SDS become accessible to water due to the structural modifications induced at the hydrocarbonwater interface with the rise in temperature.
A more consistent interpretation of molecular association between SDS and amino acid can be made from thermodynamics of SDS micellization in aqueous solutions of these amino acids.
Thermodynamics of Micelle Formation of SDS in
Aqueous Solutions of Amino Acids The X CMC data reported in Table I 
where is the degree of counterion dissociation, which was calculated as = S 2 /S 30 1 here S 1 and S 2 are the slopes of the versus [SDS] plots in pre -and post -micellar regions respectively. The values of S 1 and S 2 were determined by the least -squares treatment. However, d ln X CMC /dT P was evaluated by subjecting X CMC data to a second degree polynomial and differentiation 
The standard free energy, G 21 33 34 that below 303.15 K, i.e., the temperature corresponding to the minimum in X CMC , micellization is entropy driven whereas above 303.15 K it is energy driven. It is, however, of particular interest to note that increase in temperature caused both S o m and H o m values to decrease consistently, which agrees with the evidence available in literature. 21 33 34 Micellization of ionic surfactants in aqueous solution is well recognized as being driven by favorable entropic contributions. 23 35 Therefore, the observed temperature dependence of S o m and H o m , however, shows that micellization of SDS is driven by enthalpy and opposed by entropy, it might be attributed to the contribution of the temperature to these thermodynamic properties stemming from the solvent structure changes. In other words, such an effect of temperature on S values, which is suggested to provide an insight into the implications of hydrophobic intermolecular interaction between SDS and amino acid may be taken to indicate that the overall thermodynamics of molecular association between SDS -amino acid in aqueous solution is determined by the solvent -induced driving force. It is, therefore, pertinent at this juncture to examine the Figure 3 , it is found that in aqueous solutions of Val and Leu, H o m value decreases more appreciably with increasing temperature than in Gly and Ala. This difference in behavior with respect to H o m can be thus attributed to the differences in the hydrophobic character of these amino acids as mentioned earlier. Also, because Gly is known to be hydrophilic and water structure breaker, 36 the contribution due to the hydrophobic group towards the interaction with SDS is expected to be missing; there appears, however, no significant difference in the H o m value between Gly and Ala; similarly, the temperature dependence of this parameter in respect is of Val and Leu over the entire temperature range studied is found to be identical (Tables II-V) . This may be taken to indicate that clathrate -structure formation due to the hydrophobic groups differs marginally in respect of these two pairs of amino acids, i.e., Gly/Ala and Val/Leu, which is expected also in view of the chemical structure of these pairs. This difference in behavior with respect to the nature of the hydrophobic groups attached to the amino acid has also been identified by Qui et al. 4 from the isothermal titration calorimetric (ITC) method. They found that hydrophobic interactions between SDS and the amino acids become primary with the increase in the size of the hydrophobic group.
More specifically, different solvent -structural consequences on account of temperature and intermolecular interactions between SDS and amino acid appear to affect S 
Enthalpy -Entropy Compensation
Linear dependence between the change in enthalpy and entropy is termed as Enthalpy -Entropy compensation. It is widely invoked as a phenomenological basis for identification and for explanatory principle in thermodynamic analysis of unusual effects of the processes, such as folding and unfolding of protein, receptor -ligand association, drug -receptor binding, micellization etc. 34 36-38 In the following section we attempt to understand the micellization behavior of SDS in aqueous solution amino acids by subjecting the present thermodynamic data to Lumary -Rajender enthalpy -entropy compensation model, which is described as following. temperature (270-300 K) for water system 39 and considered as an indication of the hydrophobic interaction between the solute and solvent molecules. Thus we find that enthalpy -entropy compensation analysis also shed light on the solvent induced driving force for SDS binding to amino acids.
CONCLUSIONS
Temperature -dependent micellization behaviour of SDS in aqueous solutions of amino acids allowed us to estimate the contributions of enthalpy and entropy to the micellization process. The analysis of these parameters including the free energy of micellization as a function of temperature over a wide range of amino acid concentration further allowed us to understand the qualitative molecular mechanism of SDS -amino acid interactions.
Because the experimental observations are found to be in qualitative accordance with the size of the hydrophobic group of the amino acids, the studies are found to be particularly informative with respect to the effects of intermolecular hydrophobic association between SDS and amino acids. However, it was interesting to find that temperature dependence of critical micelle concentration paralleled the effect of temperature on the solubility of nonpolar substances. Especially, the shallowness of the minimum, which we found tends to become sharp as the size of the hydrophobic group attached to the amino acid increases.
